In this paper, we demonstrate an increase in the flexoelectro-optic response of a hypertwisted chiral nematic liquid crystal with the addition of a low concentration ͑0.7 wt % ͒ of a fluorosurfactant so as to reduce the anchoring energy at the liquid crystal/substrate boundary. Specifically, the results show that the tilt angle per unit of applied electric field is increased by approximately 20% whereas the response time is decreased by approximately 30%. An increase in the concentration of the fluorosurfactant agent does not appear to greatly affect the magnitude of the tilt angle for a given field strength but does result in a further reduction of the response time.
I. INTRODUCTION
Flexoelectric coupling in chiral nematic liquid crystals ͑LCs͒ is manifested as a rotation of the macroscopic optic axis when an electric field is applied perpendicular to the helix axis. This is the so-called flexoelectro-optic effect, observed by Patel and Meyer in 1987 . 1 The coupling between the applied field and the macroscopic polarization results in the rotation of the pseudonematic layers around an axis defined by the direction of the applied field so as to fulfill the space-filling splay-bend deformation. For the uniform lying helix geometry ͑ULH͒, this electro-optic effect possesses many remarkable features including in-plane switching and fast response times ͑10-100 s͒. Furthermore, the direction in which the optic axis is rotated depends upon the polarity of the driving field and the magnitude of the deflection is linear in the field.
Recently, we have demonstrated that, for full intensity modulation, electric field amplitudes as low as 2 V m −1 can be achieved using multicomponent bimesogenic mixtures which exhibit large flexoelastic ratios ͓e / K, where e = e s − e b and K = ͑K 11 + K 33 ͒ /2͔. 2 These mixtures show slightly longer response times ͑ϳ1-10 ms͒ than that previously reported due to relatively large viscoelastic ratios ͑␥ / K͒. However, with the addition of a low concentration of reactive mesogen, short response times can be obtained in conjunction with large tilt angles. This is achieved by photopolymerizing the sample at low temperatures to "freeze-in" the pitch and then operating the device at higher temperatures to reduce the viscoelastic component. 3 Furthermore, the photopolymerization of the reactive mesogen creates a robust network structure that fixes the ULH texture in the LC phase which always returns either on heating from the crystalline phase or cooling from the isotropic.
For alternative electro-optic effects such as the twisted nematic ͑TN͒ and supertwisted nematic ͑STN͒, the liquid crystal is strongly anchored at the surface. This can result in an increase in the response time, and for the TN and STN devices, a decrease in the viewing angle. Consequently, there have been a number of reports [4] [5] [6] [7] [8] dedicated to finding ways of reducing the anchoring energy between the liquid crystal and the surfaces of the cell. Examples of previous studies include photoinduced alignment layers, 4 obliquely evaporated silicon oxide alignment layers, 5 fluorine-based alignment layers, 6 and the addition of oligomeric molecules to the liquid crystal. 7 An alternative approach to reducing the anchoring energy can be achieved by adding small quantities of fluorine-based additives to the sample in question. 8 In this case, the fluorine-based additive migrates to the surface to form a "slippery" surface and, and as confirmed by surface tension measurements, this reduces the anchoring energy between the substrate and the LC. Consequently, the response times are found to decrease.
Like the TN and STN devices, the ULH geometry confined between two substrates is also subjected to anchoring forces at the liquid crystal/substrate interface. The aim of this paper, therefore, is to examine the effect of creating a slippery surface on the flexoelectro-optic properties of a chiral nematic LC. Using a fluorosurfactant we observe a somewhat remarkable phenomenon in that not only is the response time reduced but also the magnitude of the tilt angle for a given field strength is increased. This can be understood in terms of changes in the flexoelastic and viscoelastic ratios.
II. SAMPLE PREPARATION
For this study, we used a single bimesogen compound so as to reduce the number of components in the final mixture. The bimesogen compound was ␣-͑2Ј, 4-difluorobiphenyl-4Ј-yloxy͒--͑4-cyanobiphenyl-4Ј-yloxy͒nonane, referred to as FFO9OCB. This bimesogen exhibits an enantiotropic nematic phase with a melting temperature of T m = 74°C and a clearing temperature of T c = 116°C. For the surface anchoring agents three different compounds were investigated, The bimesogen was first doped with 3.75 wt % of the high twisting power chiral additive BDH1281 ͑supplied by Merck NB-C͒ and then a low concentration ͑0.7 wt % ͒ of the surface agent ͑either FC-C90H, DM-28, or FC-430͒. The mixtures were then placed in a bake oven for a period of 24 h. For each surface agent, the clearing temperature of the resulting mixture was found to decrease relative to that observed for the host compound. The maximum shift noted was for that of FC-430 in FFO9OCB whereby T c decreased by 2.5°C.
III. EXPERIMENT
The samples were capillary filled into 5-m-thick cells which were coated with a unidirectionally rubbed polyimide alignment layer and consisted of indium tin oxide ͑ITO͒ electrodes in order to facilitate the application of an electric field along the surface normal of the cell. The samples were then placed on a temperature-controlled stage positioned between the crossed polarizers of a BH-2 Olympus microscope. The ULH texture was obtained by cooling the sample in the presence of an electric field of 2 V m −1 and then, once at the desired temperature, the sample was mechanically sheared in order to ascertain a ULH texture. This procedure has been described previously. 2, 3 Measurements of the flexoelectro-optic response were carried out using a combination of a signal generator ͑TG1304, Thurlby Thandar͒ and a high voltage amplifier to drive the liquid crystal. The signal applied to the cell was a bipolar square wave with a frequency of 80 Hz. A digitizing oscilloscope ͑HP54503A, Hewlett-Packard͒ and a fast photodiode were used to record the change in intensity as the optic axis was switched back and forth. Response times were obtained by measuring the time for the liquid crystal to switch from 10% transmission to 90% transmission upon reversing the polarity of the electric field: this represents the rise time. The decay times, on the other hand, were obtained by recording the time taken for the transmission intensity to reduce from 90% to 10% of its maximum value upon reversing the polarity of the driving field. In contrast to more conventional electro-optic effects, the rise and decay times are identical since both are driven by the electric field. It should be noted that the response is the time taken for the optic axis to undergo a complete switch, i.e., twice the tilt angle, about its equilibrium position.
IV. RESULTS AND DISCUSSION
In Fig. 2 , the tilt angle ͑͒ is shown as a function of the electric field for samples doped with the surface agents, FC-C90H, DM28, and FC-430. A plot of the host bimesogen compound without any surface additives is also shown for comparison. Results were obtained for a shifted temperature T s ͑=T c − T͒ of 50°C. It can be seen that with the addition of FC-C90H and DM-28 there is little change in the tilt angle per unit field when compared with the undoped host compound. On the contrary, for the sample doped with FC-430 there is a noticeable increase in the tilt angle per unit field which becomes more pronounced at higher field strengths ͑ϳ20% -25% increase͒. For example, at 4.3 V m −1 the tilt angle = 19°for the FFOC9OCB compound doped with FC-430 compared with ϳ16°for the other samples. It should be noted that with the addition of the surface agents there was no noticeable change in the contrast ratio.
Measurements of the reflection spectrum in the Grandjean texture revealed that the pitch ͑p͒ was unchanged with the addition of the surface agents ͑p ϳ 290 nm͒. Therefore, according to the relationship derived by Patel and Meyer 1 for the tilt angle,
the change observed here must be due to an increase in the flexoelastic ratio ͑e / K͒. From Eq. ͑1͒, e / K was found to be In another study, 8 it was found that the addition of FC-430 reduced both the splay ͑K 11 ͒ and bend ͑K 33 ͒ elastic constants when doped into a commercial mixture such as E7, the latter by almost a factor of 2. Therefore, the increase in the tilt angle is believed to be due to a reduction in the elastic constants rather than an increase in the flexoelectric coefficient.
The response time ͑͒ as a function of applied electric field, on the other hand, is shown in Fig. 3 for the three different surface agents doped into the host bimesogen and the undoped host for comparison. The results were obtained at a shifted temperature of T s = 50°C. It is shown that, unlike the data obtained for the tilt angle, all of the surface agents appear to affect the response time. FC-C90H and DM-28 appear to reduce the response time by the same amount ͑ϳ8% decrease relative to the host͒. For FC-430 the reduction in response time for a given field strength is of the order of 30%, e.g., at 4 V m −1 = 420 s for FFO9OCB compared with ϳ 265 s for FFO9OCB doped with FC-430.
From a hydrodynamics approach, and assuming negligible dielectric coupling, the response time of the flexoelectro-optic effect can be expressed as
The viscosity term here is related to the collective rotation of the chiral nematic LC. As mentioned previously, since the pitch is unaffected by the addition of the surface agent, the change in the response time must be related to the viscoelastic ratio. However, if the effective elastic constant is reduced then this would imply that the response time should increase, which is not observed. For the response time to decrease in this case the viscosity must also diminish. The decrease in viscosity, however, must be greater than that of the elastic constants in order for the viscoelastic ratio to decrease.
To some extent, a decrease in viscosity is supported by observations found for E7 doped with FC-430 which revealed a significant reduction in the rotational viscosity. Furthermore, a small reduction in the rotational viscosity of FC-C90H doped in E7 was also noted. However, with regard to viscosity, the effects of doping FC-430 into E7 compared with doping FC-430 into FFO9OCB may be somewhat different. This is because E7 contains cyano groups which are known to form dimers: doping FC-430 into E7 may cause the dimers to be broken up thus resulting in a lower viscosity. For FFO9OCB, on the other hand, this cannot happen because it does not form dimers. The structure itself is a dimer, by virtue of the two mesogenic groups connected by a flexible spacer, and is unlikely to be broken up by the surfactant. Further investigations are, therefore, being carried out to determine what causes the reduction in viscosity.
A brief comment on the dependence of the response time on the electric field is in order. Equation ͑2͒ clearly states that the response time is independent of electric field strength; however, measurements show that this is not actually the case. The reason for this is that Eq. ͑2͒ is true only for small switching angles. For larger switching angles, higher order terms must be considered. Parry-Jones et al. 9 at Oxford have shown that the next higher order term takes the form 1 / ͑1+ 2 ͒. Therefore, as the switching angle increases with electric field strength the response times decrease, which is in accordance with the experimental results presented herein.
Finally, Figs. 4 and 5 demonstrate how the field dependence of the tilt angle and response time varies with concentration of the surface agent FC-430, respectively. It can be seen that by increasing the concentration from 0.7 to 2.4 wt % there is very little change in vs E, although there is actually a very slight decrease in for a given field strength. The response time, on the other hand, decreases further with an increase in the concentration of FC-430. This is believed to be due to a further decrease in the effective viscosity coefficient which results in a reduction of the overall viscoelastic ratio. However, there is no significant alteration in the elastic constants as indicated by the results of the tilt angle ͑see Fig. 4͒ . 
V. CONCLUSIONS
To summarize, in this study we have shown that the flexoelectro-optic effect can be enhanced through the addition of a fluorosurfactant. This results in a reduction of the elastic constants and thus an increase in the flexoelastic ratio. Consequently, a larger tilt angle for a given applied field strength is observed in comparison with that recorded for an undoped sample. In spite of the decrease in the elastic constant, which would otherwise yield a slow response time, it is believed that the significant decrease in the response time is due to a substantial decrease in the effective viscosity associated with the rotation of the helical structure. We believe that the enhancement in the flexoelectro-optic response is the result of a "slippery" surface phenomenon.
